Introduction
Fluorous solvents (mostly, perfluorinated alkanes, ethers and tertiary amines) have unique solvent properties such as immiscibility with water and many organic solvents 1 as well as temperature-dependent compatibility with other solvents. 2, 3 Since fluorous-tagged compounds preferentially remain (or partition) in fluorous solvents, catalysts or products containing a fluorous tag can easily be separated and recovered from reaction mixtures. 2, 4 A homogeneous reaction at high temperature and subsequent phase separation to fluorous solvents and organic solvents on cooling is quite desirable for chemical production and purification. Due to their remarkable solvent properties, fluorous biphasic and triphasic systems have been extensively investigated for organic synthesis 2,4-9 and enzymatic reactions. [10] [11] [12] [13] Since the solubility of fluorous solvents in water is extremely low and similar to but generally lower than conventional organic solvents, fluorous solvents are likely to be potential candidates for novel separation media in metal extraction. Since fluorous solvents are immiscible with organic solvents, metal ions dissolved in organic solvents in the form of organometallic catalysts or impurities could be removed by fluorous solvents without using water. This would be advantageous when using water-sensitive compounds in a specific system. Nevertheless, only a few papers have reported use of fluorous solvents as separation media for metal ions. 2, 14 The low solubility of extractants in fluorous solvents has limited research into these systems.
Conventional and industrial extractants such as alkyl phosphoric acids, b-diketones and dithizones are not soluble in fluorous solvents such as perfluorohexane (FC-72). The low solubility of conventional and industrial extractants is attributed to the difference in chemical properties between these organic compounds and fluorous solvents, whereas this insolubility is successfully utilized in the fluorous/organic biphasic system described above. Based on fluorous chemistry the fluorination of extractants is thus effective for their dissolution in fluorous solvents.
In this study, we demonstrate the extraction of transition metal ions from water into FC-72 by using a fluorinated b-diketone (C6F8bDK, Fig. 1 ), 15 which is soluble in FC-72. 16 Extraction profiles of the FC-72 system were studied and compared with that of organic solvent systems. By using the immiscibility of FC-72 with organic solvents, the recovery of transition metal ions from organic solvents into FC-72 was also investigated. Furthermore, colorimetric assays of metal ions in water and in organic solvents were developed using FC-72 containing C6F8bDK. A metal extraction system using fluorous solvents has been developed. Perfluorinated b-diketone, 1,1,1,5,5,6,6,6-octafluoro-2,4-hexanedione (C6F8bDK) dissolves in the fluorous solvent FC-72 and can extract transition metal ions from water into FC-72. The extraction efficiency in the FC-72 system is comparable to that of chloroform. By using the immiscibility of FC-72 with conventional organic solvents, metal extraction was also achieved from acetonitrile and dioxane. Metal ions extracted into FC-72 can be readily stripped using 1 M nitric acid. We succeeded in a colorimetric assay of metal ion concentration in water and in organic solvents by contacting each solvent with FC-72 containing C6F8bDK. Iron ions with different concentrations (0 -0.1 mM) in water or acetonitrile are completely extracted into FC-72 to form a Fe 3+ -C6F8bDK complex, which can be detected by spectrophotometry due to its absorption in the UV-vis region. We have demonstrated that fluorous solvents would be promising candidates for a novel separation and analytical medium for metal ions. 
Metal Extraction from Water and Organic Solvents into Fluorous

Experimental
Chemicals
Fluorinert TM FC-72 (perfluorohexane) and FC-3255 (perfluorooctane) were kindly supplied by Sumitomo 3M. Perfluorinated b-diketone (C6F8bDK: 1,1,1,5,5,6,6,6-octafluoro-2,4-hexanedione) was purchased from Sigma-Aldrich. Standard solutions of metal ions were obtained from Wako Pure Chemical Industries (Osaka, Japan). All other chemicals were of reagent grade and used without further purification. Deionized water was purified with a Millipore Milli-Q system.
Metal ion extraction from aqueous solutions into extracting solvents
Competitive extraction of transition metal ions (Fe 3+ , Co 2+ , Ni 2+ and Cu 2+ ) from an aqueous solution into fluorous solvents or an organic solvent was done by the batch method. An aqueous solution containing transition metals (0.1 mM each) was prepared by adding standard metal solutions (1000 ppm) to buffer solutions with different pH (0.1 M HCl/KCl buffer for pH 0.9 -1.5, 0.1 M glycine/HCl buffer for pH 1.7 -3.0, 0.1 M acetate buffer for pH 3.2 -4.8). The extracting phases were prepared by dissolving the extractant C6F8bDK (10 mM) in FC-72, FC-3255 and chloroform. Equal volumes (3 ml) of aqueous solutions and extracting solvents were mixed in a centrifuge tube and shaken by a rotary mixer for 3 h at 25˚C. After phase separation by centrifugation (3000 rpm, 5 min), pH values of upper aqueous phases were measured with a pH meter equipped with a glass electrode (HM-60G, DKK-TOA Co., Tokyo) and the concentration of metal ions was determined by an inductively coupled plasma atomic emission spectrometer (ICP-AES, Optima 5300 DV, Perkin Elmer). The percentage of metal extraction (E) was calculated using the following equation;
where "aq" represents the aqueous phase and "0" denotes the initial concentration.
After the forward extraction, a 2-ml portion of extracting phase was taken and brought into contact with an equal volume of 1 M nitric acid as a stripping solution followed by shaking for 3 h to reach equilibrium. After phase separation by centrifugation, the concentrations of metal ions in aqueous solutions were measured to determine the degree of stripping.
Metal ion extraction from organic solvents into the fluorous solvent
Organic solvents containing transition metal ions were prepared by adding small amounts of standard metal solutions (1000 ppm) to hydrophilic polar organic solvents at 0.1 mM metal concentration. Each organic solvent (3 ml) was brought into contact with FC-72 (3 ml) containing C6F8bDK (10 mM) and was shaken with a rotary mixer for 24 h at 25˚C. The degree of metal ion extraction from organic solvents into FC-72 was estimated by the following procedure. After extraction equilibrium was reached, 2 ml of the FC-72 phase was taken from the sample, followed by addition to 2 ml of 1 M HNO3 for 3 h at 25˚C to completely strip the metal ions into aqueous solutions. The metal ions in the aqueous phase were measured by ICP-AES to determine the degree of metal extraction from organic solvents into FC-72. -C6F8bDK complex extracted into FC-72 were measured using a UV-vis spectrophotometer (JASCO V-570) at 25˚C. A colorimetric analysis of Fe 3+ ions in a hydrophilic organic solvent was also performed as described above using acetonitrile in place of water, except for an extraction time of 24 h for the acetonitrile/FC-72 system.
Results and Discussion
Metal ion extraction from water into fluorous solvents
FC-72 and FC-3255 are mainly composed of perfluorohexane and perfluorooctane, respectively. Our expectation was that these solvents could be used as metal extraction solvents because they are hydrophobic and form stable biphasic systems with water. However, the solubility of extractants in these fluorous solvents is a serious problem. Conventional extractants that have long alkyl chains do not dissolve in FC-72 because long alkyl groups have negligible affinity for fluorous solvents. Using the concept of "fluorous tag" suggested in a fluorous biphasic system, the fluorination of extractants should be effective in enhancing their solubility in fluorous solvents. In this study, we selected C6F8bDK as an extractant as it is expected to dissolve in fluorous solvents. In a preliminary test, the fluorinated extractant C6F8bDK readily dissolved in both FC-72 and FC-3255 up to a concentration of at least 10 mM. Introducing the "fluorous tag" into an extractant is shown to be crucial for its dissolution in a fluorous solvent. The electron withdrawing perfluoroalkyl group in C6F8bDK is expected to facilitate the deprotonation of the enolic b-diketone and thus enhance metal ion extraction. We investigated the extraction of transition metal ions from water into the fluorous solvent by C6F8bDK. After mixing the fluorous phases with aqueous phases, rapid phase separations were observed and clear solutions were obtained without the formation of an emulsion at the interface. Figure 2 shows the results for extraction of Cu 2+ ions from water into FC-72 with different concentrations of C6F8bDK. The degree of extraction increased with C6F8bDK concentration suggesting that metal ions were extracted into FC-72 by complexation with C6F8bDK. Based on these results, we used 10 mM C6F8bDK as an extractant for efficient metal ion extraction into the fluorous phase. Figure 3 indicates the extraction behavior of transition metal ions from water into FC-72, FC-3255 and chloroform, with C6F8bDK as a function of pH. Preliminary tests indicated that metal extractions were relatively quick in these systems and a mixing time of 3 h was sufficient to reach extraction equilibrium. For both systems metal extractions increased as pH in aqueous phase increased. This indicates that extraction of metal ions proceeds via a proton exchange reaction. At higher pH, the enolic C6F8bDK transforms into an anionic ligand, leading to the formation of a neutral metal-C6F8bDK complex. This complex readily has an affinity for the fluorous phase and extraction efficiencies thus increase. These results indicate that the extraction mechanism in the fluorous solvent system is similar to that of conventional organic solvents. Extraction efficiencies of metal ions increased according to:
, which is similar to the order for the original b-diketone.
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FC-72 and FC-3255 were mainly composed of perfluorohexane and perfluorooctane, respectively and their solvent properties were expected to be different. 3 There was, however, not much difference in the extraction profiles for FC-72 and FC-3255. The physicochemical properties of the fluorous solvents do not significantly affect the metal extraction efficiencies. The extraction efficiencies in the fluorous solvent systems were similar to that obtained in the chloroform system. We were able to completely recover all metal ions extracted into fluorous solvents using 1 M HNO3 as a stripping solution. It was thus demonstrated that fluorous solvents can be used for the metal extraction processes in place of conventional organic solvents.
Metal ion extraction from organic solvents into FC-72
A metal-ligand complex used as a catalyst in organic synthesis needs to be recovered from reaction media. Metal remnants present as unreacted compounds or byproducts after the preparation of organometallic catalysts should also be removed from reaction mixtures. Water can generally not be used for the removal of metal ions from reaction mixtures because undesired hydrolysis of metal catalysts could be caused by water molecules. Therefore, alternative solvents should be used for the recovery of metals from organic reaction mixtures. One of the most attractive properties of fluorous solvents is their immiscibility with other solvents. The fluorous solvents used in this study are immiscible in water and also many organic solvents such as methanol, tetrahydrofuran and acetonitrile. This property prompted us to construct novel liquid-liquid extraction systems without using water. We thus examined the extraction of transition metal ions from organic solvents into FC-72. Organic solvents containing transition metal ions were prepared by adding small amounts of standard metal solutions to hydrophilic organic solvents. Extractions were performed by contacting each organic solvent with FC-72 containing C6F8bDK. The extraction rate in organic solvents/FC-72 system was found to be quite low compared with that in the water/ FC-72 system which was complete within 3 h. It seemed likely that metal ions were hardly dissociated in the organic solvents, resulting in the reduction of complexation and the low extraction rate. We thus used an extraction time of 24 h for complete extraction in the organic solvent/FC-72 system. The concentration of metal ions extracted into FC-72 was estimated by stripping the metals with 1 M HNO3. It was confirmed separately that stripping (back extraction) from FC-72 was completely accomplished by the above procedure. Figure 4 shows the extraction profiles of transition metal ions from organic solvents into FC-72. Only Fe 3+ and Cu 2+ (partially) ions were extracted into FC-72 by C6F8bDK. Ni 2+ and Co 2+ ions remained in the organic solvents, regardless of the type of organic solvent. Slightly higher extraction efficiencies were observed for tetrahydrofuran (THF) and dioxane than for other organic solvents. Protic and aprotic solvents such as methanol, dimethylsulfoxide (DMSO) and dimethylformamide (DMF) might be counterproductive as feed phases due to their metal coordinating properties which could result in the decrease in extraction efficiencies. Fe 3+ ions, however, were quantitatively and selectively extracted from acetonitrile into FC-72 by C6F8bDK. The Fe 3+ -C6F8bDK complex containing a fluorous tag would partition more preferentially into the FC-72 phase than into the acetonitrile phase. The cyano group of acetonitrile might act as a ligand for Fe 3+ ions to facilitate the partition in the FC-72 phase. However, it is difficult to precisely interpret the correlation between extraction efficiency and solvent properties of the feed organic solvents. Further investigation is required to explain the complexation and extraction mechanisms in these systems. By using a different fluorinated extractant instead of C6F8bDK, other metal ions could be recovered into the FC-72 phase. The fluorous solvent extraction system would be useful for the recovery of metal ions or metal complexes from organic solvents without using water.
Colorimetric analysis of metal ions in water and organic solvents
Metal-b-diketone complexes often have a characteristic color in organic solvents. 18, 19 This was observed in the fluorous extraction system. The 0.1 mM Fe 3+ aqueous solution was colorless before extraction and the FC-72 solution containing the Fe 3+ -C6F8bDK complex was colored light brown after extraction. This was attributed to the UV-vis absorption of the Fe 3+ -C6F8bDK complex due to electronic transitions through the coordination of Fe 3+ metal ions with C6F8bDK ligands. 18 After stripping with an acidic solution, the color of the FC-72 phase became colorless indicating a transfer of the bare Fe 3+ ions to the aqueous phase.
An apparent difference was observed in UV-vis spectra between FC-72 and chloroform after extraction of Fe 3+ from buffer solutions with different pH (Fig. 5) . The spectra of the Fe 3+ -C6F8bDK solutions were similar in FC-72 but varied in chloroform despite equal concentrations of Fe 3+ -C6F8bDK being expected in the extracting phases in the pH range of 1.9 to 4.8 (see Fig. 3 ). The concentrations of Fe 3+ in the chloroform phases were indeed confirmed by ICP to be 0.1 mM for all the samples. The complex might be slightly affected by the pH or buffer salts of the aqueous solution which dissolved thermodynamically in the extracting phases during the twophase contact process. Since the water solubility in FC-72 (10 ppm) is much lower than that in chloroform (720 ppm), 20 the effect possibly resulted from an aqueous phase could be reduced in the FC-72 system. It was not clear what caused the different spectra in chloroform and it may thus be difficult to quantify metal ions by spectrophotometry.
In contrast, it was possible to detect trace amounts of metal ions by using FC-72 as an extracting phase for chromogenic Fe 3+ -C6F8bDK. We examined a quantitative analysis of Fe 3+ ions in the aqueous phase. Aqueous solutions containing Fe
3+
ions with different concentrations were contacted with C6F8bDK in FC-72 and the FC-72 phase was separated for spectroanalysis.
As shown in Fig. 6(A) , absorption in the UV-vis region for the FC-72 phase increased with an increase of Fe 3+ concentration in the aqueous phase, suggesting that the formation of the Fe 3+ -C6F8bDK complex corresponded to the Fe 3+ concentration. Since plots of maximum absorbance at 387 nm and Fe 3+ ion concentration in the aqueous phase were linear, it was possible to quantify Fe 3+ ion concentration using the present colorimetric method. We also tried to detect Fe 3+ ions in acetonitrile in an analogous manner (Fig. 6(B) ). The absorbance of the FC-72 phase was measured after contact with acetonitrile containing different concentrations of Fe 3+ ions. Unlike the water/FC-72 system, the absorbance at 387 nm of the FC-72 phase was not directly proportional to the concentration of Fe 3+ ions in acetonitrile at low Fe 3+ concentrations in all the triplicate experiments. This might possibly be ascribed to the suppression of metal-ligand complexation in organic solvents/FC-72 system at low metal concentrations. Nonetheless, it is possible to quantify the metal ions in the organic solvent at concentrations higher than 0.04 mM Fe 3+ . Fe 3+ ions extracted from acetonitrile into FC-72 with C6F8bDK were completely stripped by 1 M HNO3. This was also confirmed by the color change of the FC-72 phase (Fig. 7) . Before extraction, both acetonitrile (upper phase) and FC-72 (lower phase) were colorless. By shaking both phases for 24 h, the FC-72 phase became light brown due to the presence of the Fe 3+ -C6F8bDK complex in FC-72. The FC-72 phase became colorless after stripping by 1 M HNO3. This technique may be applied to the recovery and quantification of metal ions that are used as catalysts for synthesis in organic solvents.
Conclusions
We have demonstrated that transition metals can be extracted using fluorous solvents and a fluorinated b-diketone as the extractant. Metal extraction was achieved from water and also from hydrophilic organic solvents. Extracted metal ions could be stripped from extracting fluorous solvents by a nitric acid solution. This system also allows a colorimetric assay of metal ions based on the UV-vis absorption of metal-b-diketone complexes in the fluorous solvent. Fluorous solvents are thus potential candidates for separation media and are analytical tools for metal ions quantification. We are thus able to construct a novel separation process composed of triphasic systems (water/organic solvent/fluorous solvents) by using the unique solvent properties of fluorous solvents. 
